Background: 3T3-L1 cells are widely used to study adipogenesis and insulin response. Their adipogenic potential decreases with time in the culture. Expressing exogenous genes in 3T3-L1 cells can be challenging. This work tries to establish and characterize an alternative model of cultured adipocytes that is easier to work with than the 3T3-L1 cells.
Introduction
Much has been learned about the molecular basis of adipocyte formation and insulin action using cell culture models of adipocytes. These models of adipocytes show the accumulation of triglyceride droplets, express adipocyte marker genes and increase glucose uptake in response to insulin stimulation [1] . One of the most widely used cell culture models of adipocytes is 3T3-L1 cells. Confluent 3T3-L1 cells form insulin responsive adipocytes spontaneously in 2-4 weeks [2, 3] . Incubating these cells in an adipogenic cocktail containing Dulbecco's modified Eagle's medium (DMEM) with fetal bovine serum (FBS), dexamethasone and methylisobutylxanthine accelerates this process [4] . The conditions for 3T3-L1 adipocyte induction have been used in other cell types to assess their adipogenic potential. Multipotential fibroblasts NIH/3T3 cells [5] were used as negative controls in many experiments because they could not form adipocytes when induced like 3T3-L1 cells [6] .
Rosen et al synthesized all available evidence and proposed that the reciprocal activation between Cebpa (C/EBPa) [7] and Pparg (PPARc) was required to turn on the program of adipogenesis in all models of adipocytes [8] . These two genes were also critical to insulin response in adipocytes. They were always expressed together but not functionally equivalent in adipocytes. Overexpression of either C/EBPa or PPARc in NIH/3T3 cells enabled them to accumulate fat droplets. The cells derived from C/EBPa over expressing NIH/3T3 cells were insulin responsive and expressed PPARc while those derived from PPARc overexpressing cells were not insulin responsive and did not express C/EBPa. These results lead to the belief that C/EBPa was required for insulin response and acted upstream of PPARc which was the master regulator of the morphological transformation to adipocytes [6] .
The use of 3T3-L1 cells was sometimes hampered by the gradual loss of their adipogenic potential in the culture over time and their resistance to gene transfer and expression. Adding PPARc agonists, such as troglitazone or rosiglitazone [9, 10] to the induction medium or extending induction time to 3 or 4 days to compensate for the loss of adipogenic potential in the ageing cells were quite common in the literature. These measures and the adipogenic induction cocktail only accelerated but were otherwise not essential in 3T3-L1 differentiation. The practice to boost the adipogenicity of ageing 3T3-L1 cells by inducing them for more than 3 days suggested that some adipogenic cells required longer induction time to show their adipogenic potential. We suspected that some cells that could not form adipocytes when induced like 3T3-L1 cells might have formed adipocytes if given longer induction time. This work tried to find new models of adipocytes by screening and characterizing cell lines that could not form adipocytes when induced like 3T3-L1 cells but could do so when given longer induction time.
Results
The 3T3-L1 cells have been used for more than 3 decades. They were always induced after they became confluent so that contact inhibition was considered a prerequisite for adipogenesis [11] . Since the declining differentiation potential of ageing 3T3-L1 cells in the culture could often be compensated by longer induction period with the adipogenic cocktail, we suspected that lack of contact inhibition could also be compensated by longer induction period. 3T3-L1 preadipocytes were incubated in the adipogenic cocktail (10% FBS in DMEM with 1 mM dexamethasone and 0.5 mM methylisobutylxanthine) when they were about 20-30% confluent. Few cells accumulated fat droplets if induced with the cocktail for only 3 days. Increase this period to 6 days significantly improved the differentiation (data not shown). The cell number also increased during this period but did not became confluent. The induction time could be shortened with the PPARc agonist rosiglitazone to 3 days. These adipocytes were equaly insulin responsive in 2-deoxyglucose uptake as regular 3T3-L1 adipocytes (data not).
The effect of longer induction time to increase adipogenesis was then tested on several murine cell lines, including NIH/3T3, CT26 [12] , KLN 205 [13] , mouse embryonic fibroblasts. NIH/ 3T3 cells were the only cell line that showed significant differentiation when induced in the 3T3-L1 adipogenic cocktail for 2 weeks in the absence of rosiglitazone. Less than 40% of cells accumulated fat droplets. When the FBS in the adipogenic cocktail was increased to 20%, more than 90% of the cells differentiated. The induction time could be decreased to 1 week if 4.5 mM rosiglitazone was added ( Figures 1A and B) . The insulin stimulated 2-deoxyglucose uptake increase in NIH/3T3 adipocytes induced with rosiglitazone was about twice of that in NIH/3T3 adipocytes induced without rosiglitazone ( Figure 1C ). NIH/3T3 cells were well known for their inability to express C/EBPa even in the presence of exogenous PPARc [6] . Given the central role of C/ EBPa in adipogenesis and insulin response in the molecular model of adipogenesis, this pattern of transcription regulation would be incompatible with the formation of insulin responsive adipocytes. To address this issue, the mRNA levels of adipocyte markers, including C/EBPa, PPARc, Slc2a4 (Glut4) and Fabp4 (aP2) were compared in 3T3-L1 and NIH/3T3 cells before and after differentiation by semi quantitative PCR. Only C/EBPa showed significant difference between these adipocytes (data not shown). The kinetics of aP2, C/EBPa and PPARc mRNA induction during adipogenesis was assessed by quantitative PCR (Figures 2A) . The NIH/3T3 cells had barely detectable C/EBPa mRNA level throughout the differentiation process. The 43kd isoform of C/ EBPa in NIH/3T3 adipocytes was comparable to that in 3T3-L1 fibroblasts and the 30kd isoform was not detected in western blot analysis ( Figure 2B ). Though C/EBPa mRNA increase was barely detectable during adipogenesis of NIH/3T3, the possibility that a brief surge of its expression was essential could not be ruled out. Because of the interdependence between C/EBPa and PPARc, the lack of detectable C/EBPa also cast doubt on the essential role of PPARc. The roles of both genes in adipocytes formation were tested by knockdown in 3T3-L1 and NIH/3T3 cells. PPARc knockdown blocked adipogenesis in both cell lines. While C/EBPa knockdown blocked adipogenesis of 3T3-L1, the same treatment had no effect in NIH/3T3 cells ( Figure 3A and B). These NIH/ 3T3 adipocytes had the same insulin stimulated 2-deoxyglucose uptake as the controls. Expressing C/EBPa shRNA after NIH/ 3T3 adipocytes differentiation showed the same result. (Figure 3C ). Because of low C/EBPaexpression level and the differentiation dependent expression of C/EBPa and PPARc, the extents of their knockdown were not estimated.
C/EBPa encoded a member of the bZIP transcription factor family and it could form heterodimers with C/EBPb and C/ EBPd. During 3T3-L1 adipogenesis, C/EBPb and C/EBPd transcription was increased earlier than C/EBPa and activated its transcription. It was possible that C/EBPb and C/EBPd might be increased to compensate for the lack of C/EBPa to form NIH/ 3T3 adipocytes. The mRNA levels of these genes were determined by qPCR before and after differentiation (Figure 4) . While the C/ EBPa mRNA rose and then remained near peak level throughout the differentiation process of the 3T3-L1 cells, the level of C/ EBPb and C/EBPd mRNA peaked early in the induction phase and fell off in the NIH/3T3 cells. The relatively more abundant C/EBPb suggested that it could be compensating for the lack of C/EBPa in NIH/3T3 adipocytes. This possibility could not be ruled out simply by the knockdown of individual or combinations of the C/EBPs because it had already been shown that C/EBPb was required in 3T3-L1 differentiation. Inhibiting C/EBPb activity by either expressing a dominant-negative C/EBPb mutant [14] or C/EBPb knockdown [15] blocked adipogenesis in 3T3-L1 cells.
In addition to the difference in C/EBPa expression, the PI3K/ AKT signaling pathway in these two adipocytes were compared by western blotting. NIH/3T3 adipocytes showed AKT phosphorylation upon insulin stimulation as in 3T3-L1 adipocytes ( Figure 5 ). The data in Figure 5 B show that neither AKT nor pAKT were altered by insulin treatment. This was true in both NIH/3T3 cells (with vs. without insulin) and in 3T3/L1 cells (with vs. without insulin).
Diabetic patients treated with rosiglitazone showed decreased insulin resistance, lower blood pressure, and increased adiposity [16] [17] [18] . The higher insulin stimulated 2-deoxyglucose uptake increase in NIH/3T3 adipocytes induced with rosiglitazone suggested that the clinical response might be linked to adipocyte characteristics. The mRNA levels of adipocyte marker genes, genes potentially relevant to blood pressure control, lipid metabolism and glucose uptake in NIH/3T3 adipocytes induced with or without rosiglitazone were compared by qPCR ( Figure 6 ). The NIH/3T3 adipocytes induced without rosiglitazone expressed significantly more angiotensinogen (Agt) and PPARc (n = 3, p,0.0045).
C/EBPa was generally considered an adipocyte marker and an essential gene for adipogenesis. C/EBPa knockout mice lacked adipose tissue. They were very sick and died either in utero or soon after birth [19] . Expression of C/EBPb from the C/EBPa locus in addition to the endogenous C/EBPb in mice could functionally replace C/EBPa in liver but not in adipose tissue. These mice did develop adipose tissue though the mass was much decreased [20] . To see if adipose tissues without C/EBPa expression exist, the amount of C/EBPa expression in adipose tissues (kindly provided by the center for experimental animals of Tzu Chi University) from C57BL/6 mice was determined by qPCR. We did not find evidence of the existence of adipocytes lacking C/EBPa expression in vivo (Figure 7 ).
Discussion
In this work, we tested the hypothesis that increasing the length of induction time during adipogenesis could increase the degree of differentiation to the extent that qualitatively different conclusions would be reached. Our results supported this hypothesis. First we showed that non-confluent 3T3-L1 cells were induced into adipocytes by doubling the induction time or with the help of rosiglitazone. This effect was not limited to 3T3-L1 cells. Multipotential NIH/3T3 is one such cell line that showed increased adipogenicity after prolonged induction. Figure 1 showed that the NIH/3T3 fibroblasts can consistently form insulin responsive adipocytes without exogenous genes when induced with double concentration of FBS for extended period. When testing the adipogenic potential of cell lines or the roles of genes in adipogenesis, the length of induction period above which the cell lines will be judged as non-adipogenic has not been clearly defined. Our results showed that slow rate of adipocytes conversion could be interpreted as inability to form adipocytes in some cases. Figure 2 showed that the NIH/3T3 cells had barely detectable C/EBPa mRNA and protein levels during adipogenesis. Figure 3 showed that C/EBPa knockdown blocked adipogenesis in 3T3-L1 cells but had no effect in NIH/3T3 cells. Furthermore, whether the knockdown was performed before or after induction of NIH/ 3T3 cell differentiation did not affect the insulin response of the induced adipocytes. The NIH/3T3 cells were an example of insulin responsive adipocytes formed without C/EBPa. C/EBPa is a member of the bZIP transcription factor family. Theoretically, the lack of C/EBPa during adipogenesis could be compensated by expression of the other members in this gene family, C/EBPb and C/EBPd. This possibility could not be easily tested by inactivating C/EBPb because of its essential role beyond activating C/EBPa. During 3T3-L1 cells differentiation C/EBPa rose and stayed at near peak level in the adipocytes but C/EBPb and C/EBPd peaked early then fell in both 3T3-L1 [21] and NIH/3T3 adipocytes. C/EBPb fell and rebound slightly and C/ EBPd decreased progressively with time. In addition, when Wu et al. over-expressed C/EBPb in NIH/3T3 cells to make them inducible like 3T3-L1 cells, continued transcription of C/EBPb throughout the differentiation process was required. The drop of C/EBPb level after D2 in Figure 4 did not favor C/EBPb substituting for C/EBPa in this study, though, this possibility could not be ruled out due to the different induction condition used in that study. Except for the differences in the expression profiles of the C/ EBPs, the insulin signaling patterns of NIH/3T3 and 3T3-L1 adipocytes did not show significant difference. The western blot analysis of the PI3K/Akt pathway in NIH/3T3 shown in Figure 5 . The NIH/3T3 adipocytes are a suitable and easier to work with than the 3T3-L1 system to study insulin action. Body weight gain is associated with development of insulin resistance and higher blood pressure. It was seemingly paradoxical that diabetic patients treated with rosiglitazone gained even more weight but showed less insulin resistance and lower blood pressure [22] . The results presented above may provide clues to solve the paradox between obesity and insulin resistance. Figure 1 showed that NIH/3T3 adipocytes induced in the presence of rosiglitazone formed adipocytes faster, became more insulin responsive than those induced without it. The gene expression patterns of these adipocytes were compared in Figure 6 .Only angiotensinogen (Agt) and PPARc showed significant difference between these cells. The effects of rosiglitazone on the NIH/3T3 adipocyte model were consistent with the clinical efficacy observed.
Finally, the NIH/3T3 cells are much easier to work with than the 3T3-L1 cells. The adipogenic potential of NIH/3T3 cells is robust. The same batch has been used for more than 5 years without any noticeable change in differentiation provided they are not -passed continuously in the culture dish. We did not find adipose tissues in vivo that express as little C/EBPa as the NIH/ 3T3 cells (Figure 7) , so the significance of this C/EBPa independent pathway in normal adipocyte physiology is unclear. Identification of the alternative signals to turn on the target genes of C/EBPa may someday provide clues to new diabetes treatment. Tissue Culture 3T3-L1 fibroblasts (ATCC, Manassas, VA) were maintained at no higher than 70% confluence in DMEM (Dulbecco's Modified Eagle Medium)/CS (DMEM containing 10% calf serum, 25 mM glucose, 2 mM glutamine). For differentiation they were grown 2 days post confluence in the same medium and then for 3 days in 3T3-L1 induction cocktail (DMEM containing 10% fetal bovine serum, 25 mM glucose, 2 mM glutamine, supplemented with 1 mM dexamethasone, and 0.5 mM isobutylmethylxanthine). The medium was then changed to DMEM/FBS (DMEM containing 10% fetal bovine serum, 25 mM glucose, 2 mM glutamine) for 6 days (change medium every 48 hours) before use. NIH/3T3 fibroblasts (ATCC, Manassas, VA) were maintained at no higher than 70% confluence in DMEM/CS. For differentiation they were grown 2 days post confluence in the same medium and then for 7 days in an adipogenic cocktail containing rosiglitazone (DMEM containing 20% fetal bovine serum, 25 mM glucose, 2 mM glutamine, supplemented with 1 mM dexamethasone, 0.5 mM isobutylmethylxanthine, and 4.5 mM rosiglitazone) or 14 days in an adipogenic cocktail without rosiglitazone. The medium was then changed to DMEM/FBS for 8 days (change medium on every 72 hours) before use.
Materials and Methods

Glucose Uptake
Glucose uptake was measured as described previously [23] . Unless otherwise stated, the rates were measured in differentiated 3T3-L1 cells on 9 th day post-induction, in NIH/3T3 adipocytes on 15 th day post-induction with rosiglitazone or on 22 nd day without rosiglitazone, in 12 (or 24)-well plates.
Oil Red O Staining
3T3-L1 and NIH/3T3 adipocytes in 12 well plates were washed with PBS 2 times, fixed in 3.7% formaldehyde for 2 minutes, washed with ddH2O, then stained in 1 ml of 0.3% Oil Red O (mixture of 40 ml ddH2O and 60 ml 0.5 g oil red o in isopropanol) for 1 hour, then washed with ddH2O twice. Differentiation efficiency was assessed macroscopically using a Sony cybershot T-900 and microscopically using a Nikon COOL-PIX 4500 camera mounted on a ZeissAxio VertA1 microscope.
Western blot analysis
Cells were lysed in a buffer containing 20 mM HEPES, 0.2 M NaCl, 0.5% Triton X-100, 20% glycerol, 1 mM EDTA, 1 mM EGTA, protease and phosphatase inhibitors (Roche Applied Science). After rotating for 30 min at 4uC, cell lysates were centrifuged at 12,0006 g for 10 min at 4uC to remove insoluble material. The samples were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), transferred to a nitrocellulose membrane and probed with the indicated antibodies. The proteins were visualized by enhanced chemiluminescence (Millipore, Temecula, CA) or BCIP/NBT 1-Component Phosphatase Substrate (KPL, Gaithersburg, MD). The intensitiy of each band was quantified by densitometry using the ImageJ software [24] .
RNA Extraction/Quantitative RT-PCR
RNA was extracted from the cells following the manufacturer's instructions. Real time quantitative PCR was performed using an ABI-PRISM 7700 Sequence Detection System instrument and software (PE Applied Biosystems, Inc., Foster City, CA) as described previously. The primers from 59-39 for each gene were as follows (gene name, forward; reverse,): Actin, GCATGCAGAAGGAGAT-CACA, TTGTCGATTGTCGTCCTGAG; Gapdh, AATGTGT CCGTCGTGGATCT; CCCTGTTGCTGTAGCCGTAT; Agt, CACCCCTGCTACAGTCCATT, GTCTGTACTGACCCCC TCCA; Scarb1, CAGGCTGTGGGAACTCTAGC, GAAAAA GCGCCAGATACAGC; Cfd, TGCACAGCTCCGTGTACTTC, CACCTGCACAGAGTCGTCAT; Adipoq, GTTGCAAGCTC TCCTGTTCC, TCTCCAGGAGTGCCATCTCT; Lipe, AGA-CACCAGCCAACGGATAC, ATCACCCTCGAAGAAGAG 
